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PREFACE

Wish diminishing world fuel supplies, and a global increase in fuel price over the last ten years, the reduction of aircraft
drag has .)ecome a technology of major importance to aircraft manufacturers. Likewise, advances in test and evaluation
techniques have facilitated the accurate evaluation of drag and led to concurrent developments in drag prediction methods.
A noteworthy development is the use of a number of novel flow control methods which, through either passive or active
interaction witt the flow physics, can lead to substantial drag reductions.

This special course covers some of the more recent progress in drag reduction, measurement and prediction. The topics
presented discuss the different sources and contributions to aircraft drag with particular emphasis on those areas in which
significant new developments have taken place.

The course begins with a general review of drag reduction technology. Then the possibility of reduction of skin friction
through control of laminar flow is discussed, with design aspects of laminar flow control hardware included. The other
possibility of skin friction reduction through modification of the structure of the turbulence in the boundary layer is also
discussed.

Methods for predicting and reducing the drag of external stores, of nacelles, of fuselage protuberances, and of fuselage
afterbodies are then presented.

Transonic drag rise, the prediction of viscous and wave drag by a method matching inviscid flow calculations and
boundary layer integral calculations, and the reduction of transonic drag through boundary layer control are also d:scusscd
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AIRCRAFT DRAG REDUMION TECHNOLOGY - A SUMMARY

by

Andrek S W Nhoma,,
Advanced Hight Science,,

lockhced-Gcorgia Company
Marietta, Georgia. 30063

USA

SUMMARY

This paper presents a review of the current techniques of aircraft viscous drag reiuction and some of the more recent
developments that have taken place in this technology. The various sources and relative contributions of aircraft drag
are described including skin friction drag, pressure drag, interference drag and lift induced drag. In the discusion,
emphasis is given to the physical processes that lead to these drag contributions, followed by a discussion of
methods of reducing the =mpact of these drag sources. Finally same brief discussion is presented to show how
innovative and optimized aircraft configurations can lead to drag benefits.

1. I1MrlOMCTIO".

Since the early seventies and the subsequent trend in world fuel prices (Figure 1), aircraft drag reduction technology
has become of prime importance to military and civilian operators. For example, a 10% drag reduction on a large
military transport aircraft is estimated to have the potential to save up to 13 million gallons of fuel per aircraft
over the lifetime of the aircraft. Considering also that US domestic operators spent a staggering 2.1 billion dollars
on fuel in 1976 alone, it is clear that enormous benefits are to be derived from drag reduction technology.
Additionally, with the very high cost of aquisition of new aircraft, existing fleet lifetimes are being extended and
derivative designs are now coming on to the marketplace. Thus, retrofittable drag reduction technologies are
critically important.

The aerodynamic forces experienced a& che surface of an aircraft may be either tangential to the surface or normal to
the surface and both will contribute to the total drag on the body. The interrelation and development of these forces
is shown in Figure 2. The only tangential force that is present is the viscous skin friction due to the development of
boundary layers over the surfaces. The development of the normal forces, i.e. pressures normal to the surface, is more
complex and, as Figure 2 shows, these can arise from a amber of contributions. Firstly, there is the pressure field
modification due to the displacement thickness of the boundary layers and possible formation of regions of separat-
ion (and which, with the skin friction, constitutes the profile drag). Next, there are pressure forces that arise from
the formation of vortices in the wake and which may further modify the flow around the body. This is termed vortex
drag. If compressibility effects are nresent, then there are additional pressure forces due to the compressibility
effects and the presence of waves in the flow.

The non-zero integrated stremoaise component of these pressure forces constitutes the pressure drag on the aircraft.
Because lifting conditions are present, there is a strong component of the lift-dependent vortex drag which in
conjunction with a mller ount of lift-dependent profile drag gives rise to the so-called induced drag.

Although the relative importance of different drag sources varies for each aircraft type and mission that is flown, a
representative breakdown is shown in Figure 3. The important contributors to the total drag are the following:

(1) Skin friction drag due to viscous boundary layer formation.
(2) Lift induced drag due to the conserved circulation developed around the wings.
(3) Pressure drag due to the open separation in the afterbody and other regions.
(4) Interference effects between aerodynamic conponents.
(5) Wave drag due to compressibility effects at near-sonic flight conditions.
(6) miscellaneous effects such as roughness effects and leakage, etc.

All these drag sources contribute to the total drag by different relative amounts for different types of aircraft and
the breakdown in Figure 3 corresponds to the case of a large subsonic transport of the type flown by most major
airlines. The greatest contribution arises from turbulent skin friction drag, a fact that has provided the impetus for
moat of the friction drag reduction work that will be described. The next moat significant contribution arises from
the lift induced drag and this, added with the friction drag. accounts for abot 85% of the total aircraft drag.
Interference drag, wave drag, trim drag to balance the aircraft, and miscellaneous effects account for the remainder.
In drag reduction studies, it might be argued that it is more worthwhile to address only the more significant drag
contributions. Bowever, this is not necessarily the case because very often it is easier to obtain smch greater
percentage reductions in the mailer drag sourees than in the larger contributions. For examle a 50% reduction in
afterbody drag is feasible and might represent a 5% total drag reduction. To achieve the sm total drag reduction
through skin-friction reduction alcne may be a much more difficult task.

The purpose of this paper is to review and summarize the various aircraft drag reduction technologies that are
currently being explored. Compressibility effects and transonic wave drag reduction wll not be discusaed explicitly
and instead, ephasis will be given mastly to the drag sources associated with viscous flows. This is because viscois
flow drag reduction twchnology is the area that has advanced most rapidly in recent years and which is currently
receiving the greatest attention. The discussion will therefore concentrate on skin friction reduction, afterbody drag
reduction, induced drag reduction and interference drag reduction. Finally, some brief discussion will be given to
show how innovative aerodymmic configurations can be exploited to achieve low drag characteristics.Ji 2. SKIN RICION U II 2M MONCII(.

For the reduction of skin friction drag, either of two different philosophies my be fclloved. The first is to

capitalize on the low friction characteristics inherent to laminar bounary layers and to delay traisition ca the
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wetted surfaces as much as possible. This is the approach that has been followed in the laminar flow control programs
that were undertaken in England (summarized in Ref. 1) after the second war and later in the United States at Northrup
(Ref. 2) and more recently at NASA Langley (Ref. 3). An alternative philosophy for friction reduction that has
recently emerged is to accept the inevitability of turbulent flow and to attempt to modify or interact with the
turbulent structures to reduce the friction (Ref. 4).

2.1 Laminar Flow Control (LFC).

Although laminar flow control is a generic term, it has, by association, come to mean the maintenance of laminar flow
through the use of wall suction. The suction may be in the form of distributed porosity over the surface (Refs. 5 and
6) or in the form of a series of spanwise-running slots (Refs. 5, 7 and 8). The suction is not sufficient to suppress
any existing turbulence, but serves to modify the curvature of the laminar velocity profile which in turn reduces the
amplification of any instability waves in the boundary layer that grow and lead to the formation of turbulence. As
depicted in Figure 4, local friction can be reduced to about 20% of its turbulent value and with sufficient care,
laminar flow can be maintained up to Reynolds numbers of the order of 60 million. An extensive bibliography of the
literature describing LFC can be found in Reference 2.

The current Lockheed concept for an LFC aircraft is showin in Figure 5 taken from Ref. 9. Control is only exercised on
the wing surfaces because of the greater difficulty of maintaining laminar flow at the high fuselage Reynolds numbers
as tell as the problems of surface discontinuities at the windows. The suction units for this configuration are
mouri.ed in the lower fuselage at the wing root and the propulsion engines are mounted in the tail to minimize noise
and %ibration on the wings. The real benefits of such a configuration must be evaluated against the performance -f an
equivalent advanced turbulent aircraft and, as Figure 6 (from Ref. 9) ahows, these benefits are greater for long stage
lengths and represent a 27% performance improvement. Whether or not this is sufficient 'o justify the higher
aquisition and maintenance costs of a new fleet of such aircraft will depend largely on future fuel price
developments.

While the feasibility of IFC has been known for a long time, the system does suffer from a number of design,
manufacturing and maintainability problems as depicted in Figure 7. An essential problem with any laminar flow
condition is its susceptibility to dirt and other particulates, such as insect debris accumulating near the leading
edge during low altitude flight. These can trip the flow to turbulence which will then spread over a wide area of the
wing. To avoid this, close manufacturing tolerances must be followed and some kind of in flight cleaning system (Ref.
9) or leading-edge protection must be employed (Ref. 10).

From an aerodynamic viewpoint, probably the greatest difficulty lies in being able to confidently predict where
transition will occur. The design procedure requires that the boundary-layer characteristics, with suction, first be
accurately determined using a boundary-layer analysis of the type in Ref. 11. This is followed by a stability analysis
to determine the amplification of the instability waves in the flow (Ref. 12).

A fundamental difficulty is that the stability analysis is based upon a set of linearized emall-disturbance equations
so that the actual amplitudes cannot be calculated, but the amplification can. Furthermore, the receptivity of the
flow to the free stream disturbances that drive the instabilities is also not well known (Ref. 13). The problem,
therefore, is analagous to predicting the output of an amplifier given its gain, but knowing nothing of its input
signal level.

To circumvent these difficulties, empirical transition criteria must be used, such as the e criterion (Ref. 14),
which assmes that transition takes place once the amplification ratio (or system gain) exceeds some critical
threshold given by the value of e . The critical values of N are typicplly 11-12 for the mid-chord regions dominated
by quasi-two-dimensional Tollmien-Schlichting instability (Ref. 15), and 10-11 for the croasflow instability that
originates most severly near a swept-wing leading edge (Ref. 14).

in order to derive the optimal efficiency of the IYC system it is best to minimize the suction quantities thdt are
required and this generally requires a careful iteration of the design procedure that has been described. Furthermore,
the way that the suction is achieved can have a bearing on the overall systu efficiency both from an aerodynamic and
a structural weight penalty viewpoint. One approach is to use discrete slots as in Figure 5, or through the use of
strips of porous material as an integral part of the wing surface. The porous strips have been studied in References
16 and 17, and it has been demonstrated that discrete suction through porous strips can be as effective as suction
distributed continuously over a greater stremsise length. Both the suction approaches have been critically evaluated
in work that has been undertaken at Lockheed-Georgia (K.C. Cornelius, private communication). As Figure 8 shows, it
has been demonstrated through stability measurements that the suction slots have a greater stabilizing influence, for
a given suction flow rate, than do the porous strips. Naturally, other parameters such as skin structural integrity
must also be considered before a final choice of surface type can be made.

2.2 Natural Laminar Flow (NLF).

The simplest technique for maintaining laminar flow over a suface is to capitalize on the stabilizing effect that
favorable pressure gradients have on laminar boundary layers (Ref. 18). In order to implement NIF on a wing, it is
necessary to bring the point of maximam thickness as far aft as possible so as to create extensive regions of
favorable pressure gradient over the wing surface as depicted in Figure 9. The concept can be employed without the
need for considering the attendant weight and structurai penalties associated with the LFC suction system and, from an
aerodynamic point of view, the design procedures are similar to those used in LFC (including the inherent
empiriciema).

A number of low-speed aircraft are currently flying with ELF (Ref. 19), although in some cases this has been
fortuitous. in a high-speed application where good transonic cruise is needed, additional design considerations arise.
For exmple, permissible vwng sweep is limited by the onset of croseflow instability at the leading edge. Also, in
order to rise to the correct pressure at the trailing edge after a large region of favorable gradient, large adverse

4: gradients are necessary and these can lead to strong shocks and a wave drag penalty or the possibility of separation.
Careful design studies are needed to minimize these detrimental effects.
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2.3 Hybrid Laminar Flow Control (HWFC).

A compromise LFC system that avoids some of the problems associated with LFC and NLF is the Hybrid Laminar Flow
Control System (HlFC) shown in Figure 10. This is a mix of the other two systems and suction is applied only at the
leading edge to minimize crossflow instability. Control of the iTjtabilities ia the mid-chord region is achieved with
tailoring of the pressure gradient as with Nkl. In this way a larger wing sweep can be achieved for transonic flight
than with NLF, and the weight penalties are not as great as for LFC. Also, the suction orifices at the leading edge
can double as a leading-edge-cleanser discharge system to prevent accumulation of dirt and insects during the low-
altitude climbout.

2.4 Wall Cooling.

Another favorable physical effect that could conceivably be exploited in a drag reduction scheme is by the use of wall
cooling (Ref. 20). As Figure 11 (adapted from Ref. 22) shows, a reduction in surface skin temperature can lead to
significant increases in the minimm critical Reynolds number. This is not because the kinematic viscosity goes up

(the reverse is true), but arises because the heat transfer modifies the viscosity distributicn across the boundary
layer which causes the mean profiles to become more full, thereby increasing their stability. This has been
substantiated by the flat plate experiments of Ref. 20 for Tollmien-Schlichting type disturbances. However, the

calculations in Ref. 21 have shown that while the ease is true for crossflow-type instabilities, the effect is much
smaller as depicted by the growth curves in Figure 12.

In order to implement such a concept, a very large heat sink is needed. One possibility would be to use liquid
hydrogen in the cryogenic state to fuel the aircraft (Refs. 22 and 23). To maintain the laminar flow, the fuel would
be circulated just below the wing surface as a preheater to the combustion process. The sase effect could be achieved
if liquid methane was used.

2.5 Active Wave Suppression (Wave Cancellation).

The transition control concepts that have been described are passive and do not require a dynamic interaction with the

flow. A new transition control concept that has been suggested and tested under laboratory conditions (Refs. 24, 25,

26 and 27) is by the use of active wave suppression or wave cancellation. The idea is to detect any low amplitude pre-

tranvitional instability waves in the flow and then to introduce a control disturbance that is of equal amplitude and

180 degrees out of phase with the original disturbance. In principle, superposition slould then remove the primary

distu-bances from the flow.

To date, the concept has only been evaluated under low speed conditions but significant. Licreases in the transition
Reynolds numbers have been reported. An example of the streamfise amplitude history of an instability wave, with and
without the control disturbance is shown in Figure 13, and a m*ke-vire visualizrtion of the corresponding flow

conditions is shown in Figure 14 (from Ref. 27). These demonstrate that while an impr.ssi've degree of control of the

two-dimensional disturbances is possible, some residual three-dimensional disturbances remain in the flow and that

these bring about transition.

Th., reason for this ii that transition axises from complex wave interactions between a piimary disturbance and three-
dimensions, disturbances Lhat have their origins with the free stream (Ref. 28). Thus, while the control disturbance

removes most of the Lnergy of the primary disturbance, the now amplified three-dimensionalities still remain.

Therefore, any real implementatiou of the concept will probably require a complex three-dimensional control system,
even for two-dimensional flow. Whether or not this is possible at the very high instability growth rates
characteristic of flight Reynolds numbers remains to be determined.

3. TURBUIENT SKIN FRICTION REDUCTION.

An alternative approach to the reduction of skin friction is based not upon trying to maintain laminar flow, but

instead on attempting to modify the turbulence in some way so as to reduce friction. Possible approaches may be

passive, as in the case of the riblets and large eddy breakup devices etc., or active as in the case of the synthetic
boundary layer. These efforts are still quite new and arose largely from a series of ongoing tests that were begun at

NASA Langley during the late seventies (Ref. 4).

3.1 Riblets.

Because it is known that the near wall structure of a turbulent boundary layer is dominated by streaks of streamaise

vortices with an average spacing of z+-100, it has been argued that changing the surface geometry with micro-grooves
should sp-itially lock the structures which may alter the momentum transport characteristics and reduce the skin

friction. Studies have therefore been made of the friction characteristics of a boundary layer that develops over

surfaces with various geometries of emall streassise grooves carved into them (Ref. 29). As shown in Figure 15, it has
been demonstrated that local drag reductions of the order of 10Z are indeed possible, despite the increase in wetted

area. The optimized groove spacing is of the order of ten wall units. Also, sharp pointed grooves tend to perform

V better than grooves with rounded peaks (Ref. 29).

Because the optimized groove spacing is about an order of magnitude less than the streak spacing, it is difficult to

picture them as interacting with the streaks and experimental studies have been made to look at the characteristics of
the turbulence that develops over the grooved surfaces (Refs. 30, 31). These studies have attempted to measure the

mean turbulent bursting frequency and conditional averages of the velocity fluctuations during the bursting process,
since this activity is a measure of the turbulence production mechanim. One example, that of the mean turbulence

bursting frequency is shown in Figure 16 taken from Reference 30. Some apparent change is indicated due to the

presence of the riblets. Unfortunately, there is a fundamental difficulty in objectively defining the turbulence
activity thresholds that are used to measure when a turbulent burst is taking place. Therefore, whether or not the
changes in Figure 16 accurately represent flow structure changes associated with the drag reduction is difficult to

say.

An alternative model for the drag reduction is proposed in Reference 31 and iz based upon the idea that the drag

reduction does not arise from a direct interaction with the turbulence structure, but arises instead because of the

way the viscous fluid flows over the ribbed surface. The flow in the valley of th.t grooves is at low Reynolds nmber

-7-
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and is creeping in character and the local wall shear is low. Because of the mean velocity gradient, the wall shear is
higher at the top of the rib as found in the data of Ref. 30. If the geometry is right, the low shear dominates and,
even though the wetted area is increased, and a net drag reduction results. In this model, any turbulence changes are
then merely a passive attendant to the wall shear change, rather than a direct cause. This would also serve to explain
why the sharp groove tips have better drag reducing characteristics since they minimize the surface area exposed to
high shear.

The multi-colored dye visualizations shown in Figure 17, from Ref. 31, show the inhibited lat-ral spreading of the
flow in the grooves and its creeping nature. By themselves they do not prove the proposed model, but they are
certainly consistent with that view. More detailed experimental studies of the flow field within the grooves as well
as numerical simulations are needed to resolve this question.

3.2 Large Eddy Breakup Devices, Manipulators (LEBU).

Another very promising concept for the reduction of turbulent skin friction is by the use of plates or fences inserted
into the boundary layer flow. Friction reductions of the order of 20Z have been recorded downstream of the devices
(Refs. 32-36) and because it has been suggested that the devices break up the large scale structures of the flow, they
have been referred to as large eddy breakup devices (LEBU). The term turbulence manipulator may be more appropriate.

The boundary-layer development downstream from a set of thin plates immersed in a flow is depicted in Figure 18 taken
from Ref. 4. The change in slope of the curve of momentum thickness development is representative of friction changes
by virtue of the momentum integral equation. There is a device drag penalty that must be paid before a break-even
point is reached, but thereafter a net drag reduction can be achieved. The best drag reduction configuration for these
devices appears to be thin airfoil shapes to minimize the device drag. They should be of the order of the local
boundary layer thickness in streamwise extent and located at about 80% of the boundary layer thickness from the wall.
Tandem devices also appear to perform well and the geometrical characteristics cf the devices are critically important
for good performance (Ref. 34).

At present there is some controversy over the mechanism behind the observed drag reductions. The first investigations
suggested that the devicea serve to break up the large eddies of the flow and the smoke-wire visualizations in Figure
19 (from Ref. 35) show that while large eddy structures are clearly visible in the uncontrolled flow, they are not
apparent in the controlled flow. This is perhaps surprising in view of the fact that logarithmic behavior is still
evident in mean flow measurements of the controlled flow (Ref. 33). However, conclusions about structural features
should not be based on streakline data alone and measurements of correlations and length scales are needed to clarify
this issue.

An alternative description for the behavior of the devices has recently been proposed in Ref. 36. In that model, the
large eddies are viewed as conglomerations of smaller scale hairpin vortices and the wake eddies of the manipulator
interact with these hairpins in such a way so as to inhibit wallward motions. Thus, it is the introduction of new
structures into the flow rather than the destruction of existing ones that is important. Finw visualization data seem
to support this interpretation and it is consitent with the continued existence of logarithmic behavior in the
velocity profiles. However, the examination was based on manipulators that were quite thick and which consequently had
large wakes.

An important fundamental issue with the devices is how long the drag reduction effect will persist in the downstream
direction. The indications from Ref. 34 are that the flow does indeed return to an uncontrolled state after about 150
boundary layer thicknesses downstream of the device. Whether or not further devices can be used to reimplement control
is an issue that remains to be examined.

3.3 Other Stirface Geometry Effects.

In addition to the riblets, a number of other surface geometry effects are recieving attention as possible friction
reduction concepts. Among tiese are strealise surface curvature, transverse surface waves and transverse micro-
grooves.

While concave curvature increases near wall turbulence intensities through the GUrtler instability, convex curvature
appears to reduce intensities and skin frictiom (Ref. 37). The mechanism for this is not clear and Ref. 4 suggests
that the effect is mostly due to a change of the outer eddies. An alternative and quite plausible possibility, is that
if the near wall streaks themselves arise from a Gdrtler rotational instability due to local streamline curvature as
suggested by Ref. 38, then it is possible that the convex wall curvature changes the streamline curvature to suppress
these structures. Whatever the case, it does appear that there is a very long relaxation distance of low drag after
regions of convex curvature which can be exploited in a drag reduction scheme.

If the scale of the curvature is reduced and made periodic, transverse surface waves result. This has been suggested
as a possible drag reduction scheme since measurements over surfaces with low amplitude waves and wavelengths of the
order of the boundary layer thickness have shown friction reductions (Rei.39). Unfortunately, the static pressure
distribution over the wall shifts in phase relative to the surface wave and there is an attendant pressure drag (Refs.V 40 and 41). NASA Langley experiments on non-symmetric surface waves have attempted to minimize this effect, but no net
drag reductions have yet been reported and the wall shear reductions appear to be diminished (Ref. 40) For the case of
moving (compliant) sinusoidal ..avy walls beneath turbulent boundary layers the situation is not clear and is curently
under investigation. Numerical simulations suggest that there may be drag reductions for the case of wave speeds
approaching the free stream velocity (Refs. 42 and 43), but for passive compliant surfaces, careful experiments have
shown no net drag reductions in air (Ref. 44).

Another transverse surface geometry that is recieving attention is to use closely spaced transverse cavitiets (D type
roughness, Ref. 45) of small scale to reduce drag (Ref. 4). These have been referred to as micro-air bearings with an
implication that small vortices recirculate in the cavities providing low shear stress to the external flow at the lip
of the cavity. As with wavy walls, there is an attendant pressure drag, and the vortex structures, if they do form at
these low Reynolds numbers, will not be stable and will periodically burst out of the cavities giving rise to pulses
in the pressures drag. This may explain why no net drag reductions have been achieved. Ref. 4 suggests that these
cavities in conjunction with some other device (LBIU's, strea•wise vortex generators etc.) to minimize the eruptions

•- may be a viable approach.



3.4 The Synthetic Boundary Layer.

In a unique series of experiments, Coles and Savas (Ref. 46) have shown that it is possible to create turbalence with
large scale structures that are spatially and temporally periodic. This was achieved using an array of turbulent spot
generators in a laminar boundary layer driven at the appropriate frequency and relative phase. This is a form of
controlled transition and has been suggested as a possible means of creating stable turbulent flows of reduced skin
friction. This is currently under examination at Lockheed-Georgia (Ref. 47) and tests at NASA Langley (Ref. 48) have
shown local friction modifications. As with the L~EU's, a fundamental issue that remains to be resolved is whether or
not the flow will remain in the modified state ad infinitum, or whether it will ultimately relax back to some
uncontrolled state.

Although the concept is dynamic in character, it could conceivably be implemented by a purely passive means. This is
because periodic disturbances are not necessarily the only way to produce periodic arrays of spots. Indeed, it has
been found that an array of periodic spots will arise from a small non-lmoving pin placed on the wall beneath a 1laingr
boundary layer. Thus, an appropriately spaced (strea isie and spamiise) array of such pins could be used to produce
the desired phase and frequency of spots. Since the pins are small (<0.3 d) and in a region of low velocity laminar
flow, their device diag might also be quite low.

4. AFTERBODY DRAG REDUCTION.

4.1 Separation Control as a Means of Drag Reduction.

For the reduction of the drag associated with the separated flow of generic streamlined shapes, concepts such as the
use of vortex generators have been in use for many years. Recently, however, a number of novel flow control methods
have been developed. For example, Ref. 49 describes a technique whereby it is possible to use a disk mounted in the
wake region of a bluff body (Fig. 21) to lock a vortex in the wake. This gives rise to some pressure recovery on the
afterbody which in turn reduces the total drag. The same tecbnique has also been used with considerable success to
reduce forebody drag (Ref. 50). Likewise, tests at NASA Langley have shown that transverse grooves on a tapered
afterbody can i'educe drag (Ref. 51, Figure 21,22) as can large streamaise grooves (Ref. 52, Figure 23). In each case
the vortex structure set up within the grooves changes the near wall momentum transfer to modify the separation point.
In one case the vortex structure is transverse to the flow, while in the other a streamwise vortex system is present.
Control of separated flows can also be achieved by periodic re-energizing of the near wall flow using, for example,
the embedded rotating cam devices suggested in Ref. 53.

Direct base suction has been suggested as a drag reduction scheme since it does reduce the wake region. However, as
shown in Ref. 54 high drag inevitably results due to the low pressure created at the base of the body. In any case
prodigious aounts of suction are invaribly required.

If the geometry of the body allows the flow in the afterbody region to be attached, then these kinds of flow control
concepts are not necessary. Inste-d, inverse design procedures can be used to devise shapes that have a prescribed low
skin friction from which the required body bhape can be determined. This approach is based upon a Stratford type (Ref.

55) flow that has low wall shear, but a penalty is paid in the higher pressure drag that can result with the thicker
boundary layers. Some optimization is therefore necessary. Ref. 56 describes the procedures and resulting shapes for
axisymetric flows and Ref. 57 describes similar calculations for 3-D wings with prescribed skin friction. More work
in the area of 3-D flows would be useful since it may be possible to define optimized shapes by minimizing the drag
producing streamwise component of skin friction while allowing the cross-stream component to vary as needed to keep
the flow attached.

4.2 Upswept Fuselages - The Real Problem.

In order to meet operational requirements and take-off rotation, it is necessary that the aircraft aft fuselage have
upsweep as depicted in Figure 24. This gives rise to a flowfield that is fundamentally different from the closed
separations typical of bluff bodies and limits the applicability of some of the separation control methods that have
been described. In order to implement any drag reduction scheme, it is important that the physics of this flowfield be
correctly understood.

The important characteristics of the flow field typical ot upswept fuselages are also shown in Figure 24. It is
characterized by a 3-D bcundary layer with significant crosaflow regions on the fuselage. This boundary layer
seperates into a pair of counter rotating-vortices trailing downstream. The flow is analagous to the flow abou a
missile at high angle of attack or the flow over a delta wing, although in the present case a hard separation line
does not exist.

The total drag associated with this kind of flow can be split into two components. First, there is the pressure drag
that arises because of the reduced pressures on the lower surface of the fuselage. In addition, there is a
considerable loss of flow energy in the form of rotational kinetic energy of the vortex structures and this is
manifested as a vortex drag component. (This loss is analagous to the lift induced drag that can be related to the tip
vortex structures behind a wing.) Depending upon the geometry of the aircraft, the relative contributions of each may
vary.

An important point to be made is that the other asrodynmic components can interfere with this flow and compound, or
possibly relieve the drag problem. Wing downwash is the most severe contributor to this effect since it changes the
effective upsweep angle. Externally mounted gear pods, if present, can also feed vorticity to the trailing vortex
structure. Accurate drag definition therefore requires testing and optimization of complete aircraft configurations.

A survey of the wake structure behind a fuselage with large upsweep and large drag is shown in Figure 25. The wake
vortex structure is clearly in evidence. These data were recorded with 5-hole pressure probes and the corresponding
data for a low upsweep fuselage with much less drag are shown in Figure 26. The reduction in the intensity of the wake
vortex y-tem is evident. These kinds of data are very uneful for drag reduction studies since integration of the
crosp#•. velocities enables the vortex drag to be determined and integration of the wake total pressure enables the
pressure drag to be found (Ref. 58). This information is therefore of such greater utility than force measuremer.ts
alone.



For reducing the drag associated with this kind of flowfield, the best approach is to attempt to optimize the geometry
of the configuration at the design stage. Thus, high upsweep angles should be avoided. Also, slender fuselages with
little or no flatness in cross-section should be used since these minimize the area exposed to the low presnure. An
example of the importance of the geometry is shown in Figure 27 where a tail cone was added to a blunt fuselage to
reduce its drag (Ref. 59). As can be seen a significant drag reduction is obtained, presumably through a reduction in
the size of the separation region.

In many applications it is not possible to optimize the geometry due to the need to meet structural and operational
requirements and significant amounts of vortex drag can sometimes result. One very good approach for reducing the
drag, and one which is finding application as a retrofit to existing aircraft, is by the use of strakes. These were
first fitted to a Short-Belfast strategic transport (Ref. 60) and are shown in Figure 28 for a Lockheed C-130 Hercules
aircraft. Essentially these are mall vertical plates or fins placed beneath the fuselage and embedded in the vortex
flow. They act to reduce the intensity of the swirl of the vortex structures and so reduce the vortex drag. To be
effective the devices must be optimized since they carry a skin friction and weight penalty. It might be added that
the same devices Lan be used to control the vortex flow over forebodies (Ref. 61).

The utility of some of the uther separation control concepts that were mentioned previously has not yet been evaluated
for these kir.ds of fuselages and this would appear to be an area for fruitful research. Also, modification of the
structure of the iuceming boundary layer that separates and feeds vorticity to the vortices is an area that warrants
examination.

5. LIFT-INDUCED DRAG REDUCTION.

Lift induced drag arises primarily because the lift producing circulation around the airfoil leads to a sheet of
trailing vorticity in the wake which rolls up into a pair of --ounterrotating vortices. This vortex structure is
concentrated at the tips and induces a downwash over the wing which reduces the effective angle of attack. Therefore,
to achieve the same lift, it is necessary to tip the wing back which rotates the lift vector away from the vertical
thereby producing a component of drag force (Ref. 62. As in the case of the afterbody flow, this drag is manifested
in the wake as rotational kinetic energy. The minimum induced drag is achieved for an elliptical lift distribution
across the span which also corresponds to the case of constant wing dowuwash.

To reduce the induced drag, wings of large aspect ratio should be used since these enable the tip vortex structures to
be separated which reduces the strength of the average induced flow between them. However, a point that is not well
eppreciat-ed is that for the same chord, this will also lead to a weight penalty that may offset the drag reduction. In
fact, the selection of optimal aspect ratio is intimately tied to the criteria used to define aircraft gr netry. This
is diacussed in Ref. 9 and as Figure 29 from that reference shows, optimal wing aspect ratio for a transport aircraft
varies from 7.5 for minimm aquisition cost, to 9.8 for minimum gross weight, to 12.0 for minimum direct operating
cost, and to 15.2 for minimum fuel. At present aspect ratios as large as 15.2 are not structurally feasible but the
importance of aspect ratio is clear.

Other techniques for the reduction of induced drag include various wing tip devices, tip blowing, span extension and

active controls for load relief.

5.1 Wing-Tip Devices.

Winglets.

It has long been recognized that ,he addition of tip mounted surfaces to a wing can reduce and diffuse the vortex
structures arising from the tips. Induced drag reductions result, but these may be offset by unfavorable interference
and viscous effects. The winglet concept shown in Figure 30 is one of the most promising of these concepts and can be
thought of as a device to increase the effective span of the wing. As shown in the Figure, the winglet is a mall wing
mounted in the swirling flow at the wing tip. The lift on the winglet acts as a sideforce and, with proper positioning
of the winglet, it will have a thrust component in the stream direction. As with the afterbody strakes, the structure
of the vortices is somewhat diffused due to the winglets. Most of the development work for these kinds of devices has
been undertaken at NASA Langley and is described in References 64 and 65.

The computed spanwise lift and drag distributions for a wing with and without winglets are shown in Figure 31 (from
Ref. 63). As can be seen , there will be an increase in wing root bending moment due to both the increased wing
loading and the winglet loading. This may limit the utility of winglets as retrofittable devices. A nose down pitching
moment can also occur due to the above cenLer thrust location and this can lead to a trim drag penalty. In addition
there are attendant increases in other forms of drag such as skin friction drag and interference drag at the junction
region. Thus, while typical total drag reductions of the order of 3-6% may result, comparable performance can in some
cases be achieved by a simple tip extension (Ref. 63).

For best performance, proper design of the winglets is clearly very important and some specific design details are
discussed in References 63, 65, 66 and 67. These may be summarized as follows:

(1) For good supercritical performance, the winglet should be tapered and swept aft. It should be mounted behind the
region of lowest pressure of the main wing to minimize interference effects.
(2) Some outward cant is desirable and helps to minimize interferences at the junction.
(3) As Figure 32 shows (from Ref. 63), mooth fillets should be used between the wing tip and the winglet or smaller
drag reduction benefits might result.
(4) From Ref. 65, some toe-ont of the witglet is needed due to the inflow angles at the wing tip. This is also
desirable since it reduces the likelihood of vinglet stall duritg sideslip.
(5) Although the drag reduction increases with winglet span, it is less than linear (Ref. 66). Therefore, the optimal
winglet height must be a trade-off between the improved aerodynsnics and the increased moments due to the larger
ment arms.
(6) In principle vinglets can be mounted above or below the wing, but operational requirements and ground clearances
favor upper mounts. A smaller winglet below and ahead of the main winglet is desirable for preventing stall on the
main winglet at high lift conditions (Ref. 65).

It might also be mentioned that winglets confer other favorable characteristics, besides drag reductions, which might
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be important. Among these are the better control of the spreading and dispersal of particulates behind agricultural
aircraft and improved hanger and ground maneuvering clearances for large aircraft. In certain integrated aircraft
designs they can also act as control surfaces (see, for example some of the configurations in Ref. 20).

Vortex Diffuser Vanes.

Another concept that is similar to the winglet and which attempts to extract some of the rotational energy from the
tip vortices arc the vortex diffuser vanes devised at Lockheed-Ceorgia (Ref. 68). The device is shown schematically in
Figure 33 and operates on the same principles as winglets. The advantage of these devices is that the aft mount places
them in a region of more intense vortex flow with the possibility of greater energy recovery. Figure 34 shows the
reddction in crossflow kinetic energy that can be achieved using a tvo-vane version of the device. The total
integrated reduction for this test condition was 19%.

Another advantage to the rear mount of the vanes is that unfavorable wing interference effects are minimized.
Furthermore, unlike for winglets, some inward cant appears to be desirable for optimal aerodynamic performance and as
Figure 35 from Ref. 68 shows, th;.s can, under certain circumstances, lead to a reduction in wing-roo.-bending moment
rather than an increase.

Wing-Tip Sails.

A logical extension of the tip devices that have been described is the use of multiple winglets or vanes as suggested
by Spillman (Ref. 69). These are shown in Figure 36. These are referred to as sails and are rounted in a spiral array
around the wing tip. They are similar to the tip feathers of some species of soaring birds. Induced drag r•,uctions of
up to 30% have been reported and for best performance, the array should be essentially horizontal rather than vertical
and rearward mounts seem to be preferable. The angle between each successive vane should be about 15 to 20 degrees and
four vanes with spons no more than 30% of the wing chord are recommended (Ref. 69). A larger number of vanes is to be
avoided, presumably due to the increased interference and viscous losses.

Wing-Tip Devices versus Wing-Tip Extensions.

A fundamental issue with the devices that have been described is whether or not it is better to fit some kind of wing
tip device in preference to merely extending the wing tips. This question can not be answered in generality and each
configuration must be examined for its weight penalty, bending moment increases, structural integrity as well as the
likely vortex drag reductions.

The example described in Ref. 65 has shown that winglets were to be preferred over tip extensions but that case was
for quite short tip extensions. The example quoted in Ref. 63 indicates that in order to get 5% drag reduction with
tip extensions then a 12% increase in aspect ratio is needed. Such an increase is likely to be heavier than the use of
vinglets optimized for the same drag reduction. This is because the winglets generally have a smaller chord than the
wing tip. From Ref. 68 it is shown that an impox."ant correlating parameter is the lift coefficient at the tip. Thus,
wings that carry considerable outboard loading are good candidates for wing tip devices.

Comparative analyses of wing tip extensions, winglets, vortex diffusers and tip sails are given in Ref. 63, and the
findings are summarized in Figure 37. The even trade lines are for an equal percentage reduction in irag and in
bending moment at the wing root and correspond closely to the lines of constant lift coefficient. The added area for
each device was kept equal in all cases. The data do not show a clear preference for winglets over tip extensions and
overall, the sails showed the beat drag reduction for a given area increase. These data apply, however, only to a low
aspect ratio wing, and similar data for large aspect ratio, tapered wings may yield differing results.

5.2 Wing-Tip Blowing.

Because of the poorer performance that is obtained from devices such as winglets at off-design conditions, an
alternative that has been suggested is to use spanvise-blown jets of air at the tips to increase the effective span
(Ref. 70). The idea may have originated with tip blowing as a means of vortex wake hazard alleviation where
improvements in L/D were also observed (Ref. 71). Increases in the normal force coefficient of about 0.1 have been
reported for quite modest blowing rates. The main advantage of the concept lies in being able to vary the blowing and
to be able to select the dcsired blowing ports in order to get the best performance at any particular flight
condition. System studies are needed to determine whether or not the weight of ducting and the effect of the bleed
from the engine are sufficient to outweigh the benefits of the concept.

An alternative form of blowing that has been suggested is described in Ref. 63 and is to blow the jets of air in the
streamwise direction so as to breakup the tip vortex structure. Measurements of the vortex structure in the wake do
show structural chanrges (Ref. 63), but it does appear that the benefits of the concept level off at higher blowing
rater and a tradeoff must be made between blowing energy requirements and the drag reduction.

A logical development of this concept is to mount engines at the wing tips and to use the fan exhaust to break up the
tip vortex structure. Whitcomb 'Ief. 65) has reported induced drag reductions of the order of one-third with such a
configuration on a wing that has significant outboard loading. A large part of this arises from the end-plate effect
of the nacelle itself and would be less for a tapered wing. Also, there would be flutter and other structural problema
associated with such an installation.

5.3 Active Controls for Load Alleviation

Installation of any wing-tip device, including direct wing-tip extensions, leads to the possibility of undesirable
increases in the wing-root-bendin- moments. Indeed, this essentially limits the emrant of tip extension that can be
fitted to an aircraft to reduce its induced drag. One possible way to avoid this is to use controlled aileron
deflections to off-load the outer wing panels during certain critical phases of tOe flight when large bending msents
are present. To do this requires a sophisticated active control system and three possible applications can be
considered (Ref. 72):

(1) Use of symmetric aileron deflections to reduce wing loads during maneuver,
(2) Use of aileron deflections to reduce the wing elastic respose to gust loads, and,
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